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1. Physical Properties of Cryogenic Fluids

1.0 General Comments
Personnel contributing to the activities during this period were:
R. D. Goodwin, W. J. Hall, H. M. Roder, L. A. Weber, and B. A,
Younglove.
1.1 Parahydrogen
1.1.1 Dielectric Constant of the Solid
Continued difficulty in freezing a sample in the di-
electric cell was experienced due to freezing in the filling capillary.
Installation of a heater on the capillary was ineffective and, conse-
quently, the capillary was relocated so as to enter the bomb near the
bottom rather than at the top where the proximity of cooling due to the
support tube was thought to be troublesome. Further tests of sample
freezing are now in progress.
1.1.2 Index of Refraction
For the past seven months, an apparatus has been
under development for the measurement of the refractive index of gases
and liquids. The most important design criterion is that it shall be pos-

sible to examine the density and temperature dependence of the Lorenz-

2 .
Lorentz function, LL = —I}?——i . -pl- , for parahydrogen. From previ-
n +2

ous measurements of the dielectric constant, it is anticipated that L-L
for hydrogen will be constant to about 0.2% over a very large range of
temperatures and densities. To examine the small remaining depen-
dence, we plan to measure refractive index with a precision of 0.0002%.
Our knowledge of density as derived from measurement of pressure and
temperature and reference to the p (P, T) data published by this Labora-
tory will have a precision of 0.02%.

To obtain refractive index measurements with the above pre-

cision, we have constructed a small Fabry-Perot interferometer which



can be placed in a high pressure bomb. The interferometer consists of
two semi-transparent surfaces separated by a cylindrical tungsten spacer
0.5 cm in length and 1.5 cm outside diameter. Tungsten was chosen to
minimize the change in length when the spacer is hydrostatically com-
pressed. Two quartz optical flats coated with aluminum to provide the
semi-transparent surfaces are wrung on the ends of the spacer which have
been lapped flat and parallel to a few millionths of an inch. When mono-
chromatic light of wave length, A, is passed through the interferometer,
a circular fringe pattern can be observed. If a gas is admitted to the
interferometer, the fringe pattern will change with the density of the gas.
The number of fringes, AN, passing a reference point as the sample is
attenuated to a vacuum may then be counted. Refractive index can be

computed from the fringe count using the expression

A (AN)

n-l= —2

where n = refractive index and t = spacér thickness.

Sufficient apparatus has been assembled to begin test measure-
ments at room temperature. A cryostat for low temperature measure-
ments is also near completion. A mercury 198 lamp is used to provide
monochromatic light of well-known wave length. The integral fringe
count is determined by a photomultiplier and recorder. The center of the
fringe pattern is focused on a pinhole in front of the photomultiplier.
The fractional fringe count is measured by photographing the fringe pat-
tern with a spectrograph followed by measurements of the diameters of
the images of three adjacent rings with a travelling microscope. Using
these methods, AN can be determined with a precision of 0.02 fringe.

The refractive index of air at ambient conditions was measured
as a simple first test. The result, n = 1.0002200 * 0.0000004, agreed

favorably with a value, n = 1.0002202, obtained some years ago by




Barrell and Sears, NPL, from much more precise measurements.
Tests are now in progress on nitrogen gas at room temperature and
pressures to 150 atm. The results can be compared with published
measurements of Michels et al.(1949). Some difficulty has been ex-
perienced with uncertainty in the fringe count caused by interaction of
the pressure measuring device with the gas in the high pressure cell.
Improved skill of the operator can apparently minimize this problem.
Tests on argon and hydrogen gas at room temperature are also planned
before completing assembly of the cryostat and electrical wiring of the
high pressure bomb.

1.1.3 Thermal Conductivity

Development and testing of the experimental apparatus
has been going on with NBS support. Several modifications have been
made which can be understood by referring to the rather complete des-
cription of the apparatus in the First Quarterly Report. These have
been as follows:

a) The hot-plate thickness and the heights of the two
guards have been reduced. This change reduces the thermal lag and the
correction for the change of enthalpy of these members when slow drifts
of temperature have not been completely eliminated.

b) The cold plate was removed, and the inside bottom
of the bomb was refinished so that it now serves as the cold plate. Dif-
ficulty had been experienced in maintaining good thermal contact between
the original cold plate and the bomb.

¢} The hot plate and guard heaters were moved from
the side surfaces to interior locations in the interest of obtaining more
uniform heat distribution in those parts,

d) The spacers were located under the auxiliary
guard, and the guard-hot plate assembly was supported by three radial

pins mounted in the wall of the auxiliary guard. As energy accounting



now shows, this has greatly improved the uniformity of heat dissipation
by the guard and this presumably has reduced fringing at the edge of the
hot plate and local temperature inhomogeneities in the guard that may -
have interfered with obtaining a thermal null balance between the guard
and hot plate. .
e) The temperature controls have been more fully
automated.
f) A shielded lead has been installed that permits
measuring the hot plate to cold plate capacitance, using the thermal
guard member as an electrical guard. Knowing the dielectric constant
of the medium, the cell constant can be calculated from the capacitance.
This provides a monitoring of effective cell geometry which is superior
to reliance on prior gaging of plate and spacers because it can detect changes
due to slippage of the radial support pins and accounts for fringing.
g) A larger tube to the bomb has been installed. This
permits more effective evacuation and hence a more accurate evaluation
of radiation corrections.
h) The bomb cooling coils and cooling block have been
removed in order to improve the rate of response of the bomb to its

surface-mounted heaters.

The present phase of the system is best termed '""shake
down'' experiments., In the last four months we have tried to determine
the following: |
a) Is the system operating correctly? Are all modes
of heat flow in the system and its container understood?
b} What is the estimate of error?
¢) What is the best mode for routine operation?
These experiments have been made with helium, air, .

and carbon dioxide at about atmospheric pressure where either published




data are believed to be reliable or values can be calculated rather reliably
from kinetic theory.
RESULTS:

Preliminary values of thermal conductivity for He gas
at pressures near one atmosphere and temperatures between 80 and 300°K
have been established. The results are analyzed in terms of deviation

from basic kinetic theory.

K=2.5. - C
meas v
0.647 .
where n =5.023- T (equation 2. 84 reference [1])
meas
and c, =3 116 joule/gram°K (equation 2. 70 reference [1])

The results run from 2% low at 80°K to 1. 5% high at 300 °K.

A limited number of measurements made on COZ near

300°K and one atmosphere are 0.4% higher than those of Sengers [2].

EXPERIMENTS AND DETAILS:

a) The basic equation used is that due to Fourier

Qax . _ Qf
K = —A—A—,I',— which changes to K = m (see 2 below)
where O=0Q -Q e t Q drift of hot plate
meas radiation

b) The cell constant, 4x /A, is determined by a
capacitance measurement. The main elements of the conductivity sys-

tem form a guarded Kelvin capacitor for which the capacitance is

C = % where f is a numerical factor.

For a careful room temperature assembly, the

capacitance as measured agrees to 3 parts/20,000 with that calculated

from the dimensions of the parts. The capacitance has a slight variation



with temperature. Proper accounting of the dimensional changes of hot
plate (copper) and alinement pins (plastic) permits calculation of C(T)
which closely approximates the values observed. The plastic pins used
to support the hot plate permit a slight displacement with respect to the
guard due to differential thermal contractions. Experiments with a capa-
citor mockup show that the capacitance measurement adequately accounts
for any fringing that may occur.

c) The radiation contribution to the heat flow was
measured in vacuum near room temperature. The result of 0.205 mW/
degree of temperature difference compares to 0.147 mW degree of
temperature difference calculated from basic equations assuming a
value of 0.018 for the emissivity of copper. The change in emissivity is
almost identical to that experienced by Sengers [2].

d) The temperature difference is measured with two
platinum resistance thermometers. Measurements with zero heat input
establish that one or both thermometers have changed somwhat from their
calibration. To make these '"zero'" runs, three heaters are required to
keep the high pressure vessel completely isothermal. Under normal
operating conditions the beryllium-copper bomb experiences a slight
gradient in temperature that depends on the hot plate power input. Since
the '""cold plate'" resistance thermometer is separated from the cold
plate surface by a substantial thickness of beryllium-copper, a correc-

tion for the temperature difference across this metal is calculated. Thus,

A = A A - A
T Trneasured * Tcalibration shift TBe-Cu

e) For the present experimental conditions K varies
little with temperature. A valuable check on internal consistency is to
observe the variation, if any, of K with power input. Considerable ef- *
fort has been placed in this area and if all corrections are applied

properly, K is found to be independent of power input. In the second type




of test the guard is operated with a known mismatch in temperature. For
an offset of *¥0,004°K the conductivity changes by ¥2%. Finally, because
the interior guard is not supported by a solid member,the power dissipation
can be used to establish a value of thermal conductivity from the guard
geometry. It is extremely reassuring that values so obtained differ by
less than 2% from the values measured for the hot plate.

f) Estimates of Error. Contributions arising from
the value of Q are less than 0. 1%. The control of the guard is to 0.03HV
For temperatures above 80°K and AT of 1 degree this is equivalent to
0.3%. Errors from the measurement of the cell factor are less than 0. 1%.
Errors in the value of AT used depend on the value of AT and on the con-
ductivity of the fluid under test. As examples for:

He gas with AT 20.2°K the error is 0.85%

He gas with AT = 0.85°K the error is 0.5%

He gas with AT = 1. 7°K the error is 0.5%

CO, gas with AT = 2.0°K the error is 0.2%
The absolute error is a statistical combination, thus for He gas with
AT of 1°K or larger, we get 0.6%; and for the measurements of CO,,
we get 0.4%. The precision or reproducibility of experiments is
governed mainly by the control and zero of the guard and seems to be
around 0. 2%.
FORTHCOMING TESTS OF THE APPARATUS:

Using data recording sheets and a computer program

already developed, test experiments on He gas at pressures of 1, 3,

and 10 atmospheres in the temperature range 20-300°K are contemplated.

[1] Helium, editor,Keesom,Elsevier (1942).
[2] Sengers, J.V. Thesis, University of Amsterdam (1962).



1.1.4 Equation of State. The equation of state already
mentioned (20th Progress Report) has been greatly improved as compared
with results in NBS Report 9100. The equation has been constrained to
both the accepted triple point and the accepted critical point. At the same
time, the mean deviation from data has diminished. It has been necessary
to introduce three characteristic constants and three coefficients, all con-
cerned with the critical point, such that the total number of constants is
25. Whereas best values for some of these constants are obtained only
by costly, iterative procedures, we believe the basic structure for this
equation of state now has been found.

1.1.5 TAB Code. The corrections listed in the last report
for codes in the 19th Progress Report contained errors. Following is a
restatement of these corrections:

PTVISCCH beginning in card col. 7
PTVISCAFPH*FT*V(I)+F*FT*V(I+1) +FP*FF*V(J)+F*FF*V(J+1))*10.0

PTCOND29 beginning in.card col. 7
DATA((C(D),I=175,188) =.20584, .20584, .20584, .20587, .20592, .20705,

PTCOND30 beginning in card col. 6
1.20926, .36287, .35682, .35199, .35150, .35489, .35610, .35634)

PTCONDBU beginning in card col. 6
8.56859, 2.1303, 1,2148, 1, 0124, .88843, .70784, .62686, .60582, 2.8357,

PTDENSDM beginning in card col. 6
6,.000137,.09778,.1928,.2850,.000111,.08837,.1745,.2584,.000092,.0

As a preliminary to setting up the specific heat TAB
Code, the specific heat for high temperatures is being recalculated using
the spectroscopic data as reported in NBS Monograph 20 (May 1961).

Two new transport property codes are giVen in this
report. The two new codes, PHVISC and PHCOND, both have pressure,
P, ranges from 1 to 5000 psia and enthalpy, H, ranges from -130 to

20,000 BTU/1b. These codes are based on the correlations done by Los




Alamos as presented in their report LASL 2527 and revised in LASL
2719. For viscosity, Diller's experimental data* were used in the
temperature range from 14°to 100°K instead of the correlation. The
codes return values which are within 1% of the source data. Pressures
which are out of the range of the codes are extrapolated from the last
values in the range. Values of enthalpy below the solidus line will give
the values at the solidus line. Values above 20,000 BTU/1b will give the
value at 20, 000.

The Fortran statement:

VISCOS=PHVISC(P, H)
would cause the viscosity in lb-hr/ft2 at P and H to be stored in the
location VISCOS. Similarly:
CONDUC=PHCOND(P, H)
would return the thermal conductivity in BTU /hr-ft-°R to CONDUC. The

program listings are as follows:

*Dwain E. Diller, Measurements of the viscosity of Parahydrogen,

J. Chem. Phys. 42, No. 6, 2089-2100 (March 1965).



FUNCTION PHCOND(PRESENTH)

COMMON /PHLAMB/C(802)

DIMENSION LOC(18)sJP(18)sDP(18)sDH(18),BP(18),BH{18) MX(18),
IPL(19) sHL(19) ,HG(19)4,CL(19)+CB(19)sHS{11)
DATA(LOC=1064,78912301“7g175920592459295,335939504309430,500'608’
1660,715,779)

DATA(JP=T 3799969 T969891098950795959994559846)
DATAIMX=5359T7949594965,836939593939792939694)
DATA(BP=0309-20049500690909-504950069~50694000691000693000e910000e>
1100009400¢903504640)

DATA(BH=96004 445004 9500094250 9825092256932250912509125e915e96549=25
1092069-9009=11543—130492069656)
DATA(DP=040+4000350069100¢91000691006950069100692506950069250¢9500
10925063200091000+504649104)
DATA(DH=1300e95100691000¢920049200695069506925¢92569100315¢9106915
1e910e¢92049150915%4920,)
DATA(PL=160229209%0986014,925094300694999¢91284515109165,417645182
1e9185e35186655187625,187e46875,1876506)
DATA(HL=-132e89-1294139~-1240259-1176799=110e86+-101e3+-89404,
1-764422+-58e583~43e434-306079206569-110139~402791017+5654510e83,
214 429916436)
DATA(HG=60631965011470659976¢35380098985611987e40986¢54481.94,
174015964683 956eB6347036939¢56933046928e34422e¢3191B466916¢55)
DATA(H5=‘132082 "‘113035,"9’402‘1,-75.‘!7 ,—57.0“9—38091 .-21.05"‘304’
114408531436548453)
DATA(CL=e07328940718746070939e068999606787,5¢06665,9606522,,06338,
1e0611590e05865,605614 460540390051 7496089T7449e04765,5e04596,4004515,
2¢04509,4404442)
DATA(CG=4006439,40070049e0077379e008716+¢009848,0011681,601467,
1001925454024 764¢03005,6034049003649,003852,0040059004159,004296,
2¢043699004391,,048442)
DATA((C(I)s]1=430,499)2412579¢14550909090111646130440155040s01012,
1e115454501354,441556409009387301045001194461399,46161,¢08875,609667,
2010799012345 3414474408516, 0091115009957901114,06127690¢08265,5,0608717,
3e6093584010265¢115,608092,,08438 9008927..09616;.1057,.079719.08242’
44086199409148,,09884,4,078885,081064e084004,08809,+09378,,.06586,
5007074 3007436407869, ,08679960646346069964560736494077154608265,
60063389e06918,,07305,46076239608026,4606214,44,0684090607251,607564,
7.07888)
DATA((C(I)y1=500,607)24081425009051496101640903090909090e07697,
1e084079e09425,461099050409005096074269607911,608685,4,09818,61094,0,
2¢090909e072534607602,6081369608975501021401148,3090:09e071355607408
39e07789940837240092755010619¢119590909¢0704530e07277906075669007984,
49086199009589,54611015441217905406968,4.,07184,¢e07429e07731,.,08188,
50608878 96099134411631,¢130805606894,3607110960731945e07565,607906,
60084029009147401026845011843,506068209007068%L9e0728640e07853,5407715,
Te0B0B4L »e0862790094299010593430067449e06982960718256073735007588,
Be078709e08273,408862,0097213¢0666646069205¢0712730073124,07500,
9077269408032 440847194091081360658696068575,070749e072609607436,
A007628 90073699.082029008679)
DATA((C(I)sI=60897184)xq0760449,081489,08798,¢10019¢070409,07349,
1.07794’008363..06734..06998)-07235,.07545;006563000679490069919
20071909006310,606598,,0681935e07005494060123¢06379350066464,06857,
3e0567190061364606458,440670594053069e058B7444062589606%45,,04968,
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4 4056069606051 ,5,06380960470894053569¢058454+60621496045364405150,
5e0565394060539,044299050029¢054919005904+9e043609+0049114005369,
6005776907230 4540745146076029¢079885008333,,068489006982,,07151,
Te07354440760446066204406T7405,0686256069909607133,,06373,,06543,
8¢068703606786,,068984,061395,0632]190e064799+60661290606730,605989,
9006047 5006256406422+ ,06562909¢05713,54059899o062059¢06378,0»
Ae054159,05541,5,0595]1+9,061673030e04699,,052789e0565890593140»
Be0267545605111,4,05333,,05671509002241,4,046954,05004,05397)
DATA((C(1)9I=T1548021=0904¢040663e04649,4,04T7564,050049,05215,
1.05397,0909003848 )004174’004469 004711 ,004931900513 .0900003638’
2603975404244, ,0488),08696,008895,090030029¢0339,,038004404085,
3¢04315,404519,,04708,60159150025099603188,4¢03644,,03956,,04193,
4404392400457 14401583,4,023679¢03023560350044,03864,4,04098,,04301,
5604476 ¢016094,022844,0289894¢033839603745460401845004231,4,04409
6e016659¢022494,0281449,032889¢0366196039499604176920043609,006768
T7e0080369600937290e01121509050008661540096475¢010949401245,4,01408,
Be015859401057560113044012249¢0133756014625601596,56012464+601303»
9¢013764¢01463,,01560,,01665)

P=PRES

H=ENTH

IF(HelLTe1250) GO TO 15

IF(HeLToe42500) GO TO 11

IF(HeLTe450060) GO TO 8

IF(HelL.Te960040) GO TO 7

IF(HeGE920000,0)H=19999¢9999

N=1

IF(PelLTe29e¢392) GO TO 4

IF(PelLTe734480) GO TO 2

FzP/T734¢8~160

IP=5

GO0 70 35
IF(PelLTel46496) GO TO 3
IP=4
Fa(P-146496)/58T7.84

G0 TO 3%

Ip=3
Fe(P-29¢392)/117.568

GO TO 3%

IF(PeLTe7e348) GO TO 6
IF(PeLTel4e696) GO TO 5
I1P=2

F=P/14¢696~10

GO TO 35

IP=]

FaP/T7e¢348-140

GO 70O 35

I1P=0Q
F‘(P‘104696)/5.8784

GO TO 35

N=2

GO TO 1

IF(HeGE$102540) GO TO 10
IF(PeLTe60060) GO TO 9
N=4
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10
11

12

13

14
15

16
17

18
19

23

24

25

GO TO 33

N=5

60 TO 33

N=3

GO TO 33

IF(HelLTe22540) GO TO 13
IF(PeLTeb65000) GO TO 12
N=§

GO TO 33

N=7

GO TO 33

IF(PelLTe65040) GO TO 14
N=8

60 TO 33

N=9

GO TO 33

IF(PeGE100040) GO TO 24
IF(PeGE400s0) GO TO 23
IF(HeLTe2060) GO TO 20
IF(PeLTe5040) GO TO 16
N=17

GO 10O 17

N=18

IF(PeGE«1874506) GO TO 33
DO 18 I=2,19
IF(P-PL(1))19,19,18

CONT INUE

D=PL(I)-PL(I-1)
OF=PL{])-P

DB=P-PL(]I-1)
HGAS=(HG (1) *#DB+HG(1-1)#DF)/D
IF(HeGE&HGAS) GO TO 33
HLIQ=(HL(I1)*DB8+HL (I-1)*DF)/D
IF(HeLESHLIQ) GO TO 33
CLIQ=(CL(I)*DB+CL(I-1)%DF)/D

PHCOND=( (CG( 1) #DB+CG(1-1)#DF)/D-CLIQ)#(H-HLIQ)/ (HGAS~-HLIQ)+CLIQ

RETURN

N=16

IF(HeGTe(-132,82+0,04%P)) GO TO 17
PR=P /500,40

I1=PR

IF(1eGTe9) 1a9

F=PR-1

HOSOL =sF#HS{142)4(1e0-F)®HS(]I+1)
IF({He LT eHSOL) H=HSOL

GO TO 33

N=15

GO TO 22

IF(PeGE«300060) GO TO 27
IF(HeGE«200) GO TO 25

N=14

GO TO 22

IF(HeGES6500) GO TO 2%

N=13
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26

27

28
33

35

GO TO 33

N=11

GO TO 33

IF{PGE40004)G0 TO 28

IF(HeGEe65e40) GO TO 26

N=12

GO T0O 22

N=10

60 TO 22

FP=(P-BP(N))/DP(N)

IP=FP

IF(IPeGT MX(N)YYIP=MX(N)

F=FP-1P

FP=]1,0~F

FH= (H—-BH(N) ) /DH(N)

IH=FH

FF=FH~IH

FH=1 40~FF

I=sTH®RJP (N)+IP+LOC (N)

JaI+JP(N)

PHCOND=FP#FHRC(I)4+FRFHR®C(I+1)+FPRFFRC(J)+FH*FFRC(J+]1)

RETURN

END

SUBROUT INE PHLAMBDA

COMMON /PHLAMB/C(802)
DATA((C(I)9]=14122)=e36009035739¢35679035599635589¢3558963558,
1e40T7 7904080044047 9040049039479¢3908963904964T731904641408609904523)
208367 908273904262905796305335945286965133964849,04689,4,46600¢6T455,
3063939066191 96591413454419651899651223¢9847 907960507492, ¢698T94,6216,
44572690561 91620641 490e98129690735082699671619663769e619,16542851,207
5161035969843, ,8335,,72035,6904,1,8668,1,466651,3339,1,1693,,9758,
6.8259, .779"” .21879 .2187'.2187,.2187’.2187’ .2192'.2207..3600' .3573,
7e35679635593e3558,403558463558,e05871,,06345,,07242,,08140,4,08735,
Be0916250409429,400594,4,097649¢0999240101590¢1050450e1093,61132,061167,
9¢11959612149412319013729613779013913,1811961433,018569,14779,1496,
AelB179e1785501787950179390180450181896183350618484¢18639,18789,2187
Be21879021905¢21979022059022149022259022359462246)
DATA((C(1)91=123,244)=4056605e0672354072899e07710+¢08113,,08490,
1606981 59008064,4,08665,,0907335¢0938143¢e09714+008113,060908149609703
2010129610383 010623¢087893¢09606436102090610639610894,11104004041,
360423009 40453296048829,052369¢055719e058739¢05828¢405947+,06146,
4606394 90606661 940698845,0719890072869e073669e0T7504900T7683,4007883
5608097 9e0830796081909,082469¢083459608475900862692¢08787 9608953,
60038999¢05601960690196076735¢0812274084829e040239¢057949,06989,
Te078119608297 3086089004194 9e0606590071629e¢079979008520++08849,
80044159 ,06382,4,074089408225940877996091309,046839e067235607710
9084909409061 96094374601992900234396029129e035265¢040519404460
Ae04769940500594024819,0273890031669003675960415%890045709604905,
Be0517459¢029644940317636035309¢039659060439954,047929¢051309005410,
Ce034669403643,,03939,,043169e04708900507896054089¢056939403964
De041169e043724¢04704 9060506094054 079e057269¢06009)
DATA((C(I)21=2454334)=404T119405T7T769e065469e070539s0741749¢07699,
10079469 ¢082334,086899,09508360467290056589e0644190069829607369
2607667 9e0790943¢08140496088349,089164004683960550899606354,4,06919,
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3607328 9076413407891 5,081079¢0833294086284,04T7165405565,006301»
4.068879.073119.076249.07882’00309990082979008521900“75000056019
5¢063109606901 940734494 07672»e07924900812294082949¢08482,400829,
60016659¢0281449,036614¢0417690045189404788940503044011565401801,
7027694603558 ,,04106,e084729004T74290e089684e01456444,01968,002757»
Be0350590040619e08451,90604732900495496017319¢0215156028179403496,
9004063 s 04448 3204 Toby4049715001992+¢02343,5,02912400352645404051,
Ae044609604769,9,05005)
DATA((C(T)s12335,429)24,144T7901674906290009012769¢1849594176596209+0+
16115901318,61543,4182250214090010579011879013629615939018729409884,
2.1089,.1225,.1406,.16439.09378’.1016,.1123’.12659.1451,.090079
2,096189010453961157901205560873734092154¢098684¢1075401192+008541,
4408918960943 14¢1013,5611065008401,900879e09106900965794104049408302
50085425 ¢0B8865,4,093035,098911e0823396084299¢086899¢090384609508,
6606214 9¢e068604,07251 9607564307888 40840049,093785¢06092+006762
76071985 6075204,0780740e081869e088619405976940668795¢071489007482,
Be0T7T757 9008061508541 5¢0586996066159e070993e0T744996077249007988,
9083479005776 35e065464¢070839e074173500769990e079469608233)

END
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FUNCTION PHVISC(PRESLENTH)
COMMON/PHMU/V (768)
DIMENSION LOC(20)+JP(20) sDP(20) sDH(20) 4BP(20)+BH(20)sMX{20)

IPLI1I9)sHL(19) oHG(19)oVL(19)92VG(19)sHS(11)

DATA(LOC=191743341809459759105912391774222+2479297+43379357,412,437
19497+537+6335673)

DATA(JP=4 949395959593,99595951595959595959898,8)

DATA(MX=2292931309393514793939393933939393939696,6)

DATA{BP=035e9169090910000909100069+4000e94000033000¢930006910000+
120000920000 plOOO. ’1000."—50. t"500 0‘500)

DATA(DP=5000915092¢930004+750¢910006950069500¢9250¢92500+250¢92500

13500012500925069250042500915009150091504)

DATA (BH=8000¢98000¢980006918000942569200632006¢31006315¢960e9~20e09

130. "000 9‘550 ’09—900 9—300 g—130. 9“700 9"20.)

DATA (DH=40000 34000 94000662000 9027509850045 0920095¢910035031009200¢

15569100959 10435491064204)

DATA(PL=1002232054098091%449250943096949996¢351284915164165,41764,182
1e918509186e59187¢259187.4687591876506)
DATA(HL=~132e84-1290139-124¢259~1176799-110e869-1010309~89¢04»
1-Th e229-58658,-43,43 4-3040735"206563-110133-4¢279161795e6564510683

214429916436)

DATA(HG=260631:65611970659976035380698385611987¢40986e54981.%94,

1760615064683 9564869470349396569033446928,34922631418,66916455)

DATA(HS==1324829~1136359~940249~75e4T¢~57¢049~386919-21e059~30e4,
114.08931036’48.53)
DATA(VL=16513E~10414287E~10916¢112E-10969093E-109eTBABE~109e56685E~1

109 o566T7E~109¢4T9TE=10904122E-104¢3%581F-1090318BBFE~104e2926E~10»

2 02688E-109¢2506E~10902332E-109¢2197F-104502132E-104502128E~10,

3 020T4E~10) g (VG242 T4E~11908702E~119¢5230E-119e5867E-11,,6488F~-1

4194T727T0E=11,548189E-114,9234E-11y o1034FE-10961156F~10,,1292E~-10»

5 01419E-109¢1567E-109¢1700E-104¢1839E-10501956E-109¢2016E~10+

6 ¢2033E-10,44,2074E~10)

DATA((V(I)elz 15122)= 1e49TE~10910495E~10916492E—~10,1¢490E-10,
1e815E~10914791E~1091e765E-10314739E~10426112E-10,2,108E-10,
24091E-10424072E~1052¢255E-1042¢314E~1042¢342E-10,2e367E-10,
1649TE-1091¢497E~104316¢497E~10916497E~-10414804E-10,16812E~10»
1,813E~10414813E~1042¢071E-10,2,102E~10,2,108E~-10,2,112E-10,
2¢1BBE~1092¢237E-10026252E-10420261E~1091e497E-10,1¢497E-10,
1e497€E-10914761E-1041e797E-1041e804E-10451¢981E~1042e052E-10+
2007T1E~1092¢069E-1042¢161E-10426188E~104902298E-104y¢26%51E~10»
¢3040E~10943422E-104¢38B08E~1045¢3189E-109¢3302E~10se3473E-10»
03827E-10964148E-1090379BE-105e3861E-10503963E-109¢4229E-10>
e 4b48lE-104,4345E—10,043B1E~10,¢4446E-10,04631E-10,,4814FE-10»
o#4861E-104,4881lE~109e4921E-104¢5033E-109¢5147E~109e5354E—-10»
e5363E-10494538BTE~105e5435E-10,¢5480E~10902604E~10y¢3604E~109
08626E~109¢5783E~10430T7155E~1090e2570E~10903427E~-109¢4291FE~109
05248E-10946350E~109¢25B6E-10503331E-109e4075E-101¢4887E-10>
e BB06E~10942633E~1045032B8E-10403937E-104¢4641E-10,4¢542T7E-10>»
e2700E~10443280E~104¢3854E-109e44T74E-10465158F~104,e2777E-10»
03296E~109¢3808E-10,04360E-10,04968E~10901325E~10,¢1995E~10»
02604E~10461560E~10402067E-104e2570E~109¢1774E~10,4¢2173E~-10»
02586E~109¢196TE-10902292E-104502633E-10502141E~104¢2413E-10,
e2T00E—10402298E-10,902532E~104¢2777E-10)

DATA((VI(I)9I=123,221)= ¢3039E-109e3787E~109¢4532E~10,¢%323E-10»

RC—=TOTMTMONDPOVONOWMPWN -
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e619TE-109e7191E~104¢8349E~109¢9729E-10910143E-10,+2891E~-10,
¢3580E-109¢4258E-10,¢4967TE-109¢5737E-10906593E~104¢7566E~10,
eB8689E-109140005E~104¢278E-109¢3417E~104944039E-104¢4682E-10»
e85371E~109¢6123FE~109¢e6964E~104¢7914E~109¢B8997E-104¢2699E~10»
©3288E-10943861E-10,04449E~104¢5072E~103¢5T4TE~109 ¢6489E-10
e7311E~10948236E~1062642E-1045¢3188E~104,¢3718E~10,04259E-10,
e4B2BE-109¢5438FE~10446101E-10,4¢6831E-109¢7637E~10,¢2604E~10,
03112E-104¢3604E-10,04104E-10404626E-104505182E~104¢5783E~10,
eO83TE-109,7155E~1042e187E-10520894E-1050,000E-10,¢5354E-10,
eB4B0E-1041,921E~10,2645TE-1043¢170E-10414497E~10,1,497E~10,
1e725E~1042¢130E~1042¢715E-10404000E-10430,000E=1041s5T74E~10»
1.B88E~10926363E~1043e029E-1040e000E-10910455E~10s1+708E~10,
26076E-1092,644E~10436340E-1041¢358E~104314567E~10451¢85TE~10
20295E-109208B0E~1091e27TE-10916455E-10,516690E-10+2¢026E-10+
2e512F-1091¢208E-1091e362E~10414559E~1041e826E—=10,2,219E~10»
1e6149E-10914284E~1041e453E-10,1e¢672E-10416978E~-10)
DATA((VI(]1)9]1=22224336)= 14097E~1041e¢218FE-1031e365E~1041550E~10,
1e796E~10916011E=10416110E-10,16226E-10414366E-10,1540E~-10»
09413E~10514026E-10416122E-1041e234E-1091e367E-10+48837E~10»
09576E-1091e040E~10916133E-1091e240E~105e¢8349E-10,¢9007E-10,»
0e9T29E~10914053E-1091e143E-1092e061E~1092e623E—-109090s091,787F~
1092¢353E-1093,116E-10409091e590E~10926025FE-1042¢565E-10,050»
1o441F~10916e773E-1092e297E-1042¢901E~104304000E~1041,325E~10,
1e589E-1091¢989E-1092e523E-10306000E~-10514230E-10,51.448E-10>
1e758E-10926241E-10420e742E-1091e¢152E-1091¢336E-10+1.585E-10,
1e954E-1092¢509E~1041e086E-1041e¢245E~10491e452E-1041,742E-10»
2018B7E=~1091,030E~10,51e169E~10416345E-1041e581E—-10,1,921E~10»
09B0TE=10916104E~10916257E-1091e454E-1041a725E—104¢9376E~-10,
1e049E-10916183E-10910e352E-1041e574E-10,e8649E-10,49578E-10,
1e066E~10916196E-1041e35BE~10,¢8058E~10,¢8857E~10,e9767E~-10,
1e0B2E-10+1620BE~10407565E~-10,¢8268E~1045¢9053E~109¢9944FE~-10,
1e097E-109e714TE-10407775E~10,4e8B46TE-10,5e9239E-10414011E~10»
o6 T8B6E~109e7355E-104079T75E~109e865TE—-109e¢9413E-104¢64T72E~-10»
06992E-109¢7555E~109eBl6O6E-109e8837E~109e619T7E-104¢66T6E-10»
o T191E-109e7T746E~-10,¢8349E-10)
P=PRES
H=ENTH
IF(HelLTe100,0) GO TO 9
IF(HelL.Te425,0) GO TO 5
IF(HeLTe8000.0) GO TO 3
IF(HeGE«200004) H=19999,9999
IF(PelLTe5040) GO 10 1
N=1
GO TO 33
1 IF(PelLTe5e¢0) GO TO 2
N=2
GO TO 33
2 N=3
GO TO 33
3 IF(HelLTel80040) GO TO 4
N=4
GO TO 33
4 N=5
GO 70 33

OMMOUNTPOVENOWMEPEWNK

=IOMMUOUNTIP ORNOWNEWN-
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10

11

12

13

14

15

16

17

18

19

20
22

23
24

IF({HeLTe20060) GO TO 7
IF(PeLTe1000e0) GO TO 6
N=6

GO TO 33

N=7

GO TO 33

IF(PaLTe10000) GO TO 8
N=8

GO TO 33

N=20

GO TO 33

IF(PeLTe30004,0) GO TO 13
IF(PsLTe4000,0) GO TO 11
IF(HeGE«60e) GO TO 10
N=9

GO TO 30

N=10

GO TO 33

IF(HeGES30s) GO TO 12
N=11

GO TO 30

N=12

GO TO 33

IF(PelLTel100040) GO TO 18
IF(HelL Te40s) GO TO 14
N=13

GO 7O 33

IF(PeLT62000,0) GO TO 16
IF(HeGEeOs) GO TO 15
N=14

GO TO 30

N=15

GO T0O 33

IF(HeGE+~3060) GO TO 17
N=16 ’
GO TO 30

N=17

GO 710 33

IF(HeGE+~7040) GO TO 19
N=18
IF(HeGTe(—~132,82+0,04%P)) GO TO 22
GO TO 30

IF({HeGEe~20e0) GO TO 20
N=19

GO TO 22

N=20

IF(PeGE«1874506) GO TO 33
DO 23 I=2,19
IF(P-PL(I))24,424,23

CONT INVE

D=PL(I)Y-PL(]I-1)
DF=PL(1)-P

DB=P-PL(1-])
HGAS=(HG (1) #DB+HG(1~1)#DF) /D

17



IF(HeGE«HGAS) GO TO 33
HLIQ=(HL (I)*DB+HL(I1-1)#DF)/D
IF(HeLEeHLIQ) GO TO 33
VLIQ=(VL(I)*DB+VL (I-1)%*DF)/D
PHVISC=((VG(1)#DB+VG(1-1)%#DF)/D-VLIQ)®*(H-HLIQ)/ (HGAS-HLIQ)+VLIQ
RETURN
PR=P /500,0
I=PR
IF(1e4GTe9) I=9
F=PR-1I
HSOUL=F#HS (I1+2)+( 140~F)®#HS(I+1)
IF(HeLTeHSOL) H=HSOL
FP=(P-BP(N))/DP(N)
1P=FP
IF(IPeGTeMXIN)) IP=MX(N)
FaFP-IP
FP=]1e0~F
FH=(H-BH(N)) /DH(N)
IH=FH
FF=FH-IH
FH=]1 40—~FF
IsTH®JP (N}+IP+LOC(N)
JI+JP(N)
PHVISC=FPXFHEV( ) +FRFHRV(I+]1)+FPHFFRY(J)+FRFFRY(J+1)
RETURN .
END
SUBROUTINE PHDTMU
COMMON/PHMU/V(768)
DATA(IVII)I=33T7,436)= ¢3BO3E-109e4797E-109e58B70E-109¢7115E~-10,
1 08649E~1019¢3483E~-10490437TE-104¢5308E-10¢634TE~109¢7565E-10»
2 03233E~10964048E-109e4874E~109e¢5771E~105e6786E~-10543039E-10,
3 03T87E~109¢4532E-104¢5323E-109e6197E~10+14827E-1092¢403E-10»
4090909 1e573E~1092¢147E~1092e91E-109090414392E-1051821E~10+2+401E-
510409091 025TE~1091e581E~1092e¢122E-1042e758E-1040516151E~10,1.,409E-
61041e811E~1092¢378E-1090e000E-10416066E-10451e278E~10+14587E-10»
2e098E~10924609E-10409958E-10451e¢175E-10514422E-1091.800E~-10»
20409E-105¢9366E~10516e091E-10451e296FE~1051e590E-10524061FE~10)»
08859E-10914021E-10416195E-10+1e433F-10451e787E-1045¢8419FE~-10>
0962TE~10914113E-10516311E-20451e590E-105e¢8031E-1059122E-10»
1e045E~10914214E-10451e441E-10,¢7688E-10,e8681E—-10,y¢9868E-10,
1el134E~104914325E-104e¢7103E-10,7949E-10,48928E~-10,1.009E=10,
10152E-10’06621E—10’073605‘10’08196E‘10’091595—10,100305—109
06216E~109(6BTLE~1043¢7605E~104¢8429E~105¢9376E-105¢5870E-10»
06465E-10947115E-104¢7837E-10,4+8649F-10)

DATA(V (1) 9124379536 )= 14496F~10924095E-1050+09051.,288E-1051,818€E-

11092 e455E~1040+091e¢139E-1051e523E~10424119E~10+26993E-10,051.,028E-

21091 0320E-1041e830E-10,2¢446E~10,046000E-10,5¢9401E-10,1174E~-10,

1e544E~10924127E-10934000E~10,¢8694E-10,1+063E~-10,1+348E-10,

1e831E-1092,438E-104¢8108E-10,09759FE-10416205E-10,14560FE~-10,

2¢131E-109¢7611E~10569049E~-1041+s096FE-1041e372E-1051e827E~10»

e 7183E~109eB457E~1091e009E~1041e233E-10,1e¢573E-1056809E~10,

e 7955E~10949376E-10916¢125E-10,1392F-10,66479E-10,467522E-10,

e96T9E~10916151E~104e5919E~104e6809E—10,47840E~-10,+9085E-10,

MMONTI»O 0N

VCONOWwPW
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1e066E—-109¢5461E-10906242E~104¢7120E~109e8138E-1099366E-10,
¢5075E-109¢57T78E~10,06546E~105e7412E-10,¢8419E-10s 4 746E—-10,
e5388E—10946075E~1049e6832E-105¢7688E-105¢4462E-105¢5055E~10,
0 56B0E-109¢6355E~105¢7103E~109e4213E-105e4768E~10945343E~-10,
¢B955E-10046621E-10503995E~-109e451TE~10,5e5052E~10s5613E-10,
e6216E—10963803E~10404297E~104e4797E~10,405318E-10,¢5870E~10)
DATA((VI(I) 41=537+680)= 1e153E-1041e608E-10451e999E-1050505030+0,
1e005E~10916296E~1041e690E-1032¢146E~10405050s0, «8800E-10,
1¢091E~1091¢380E-1051e782E~1092¢345E~10430509099 7BBE-10,4¢9499E~10
1e158E-10s16464E~10414B63E~10524795E-1050905e715E~10,48467E-10»
1e007E-10916225E~10451e550E-10+1e943E~10+2e307E-1050000E-10>»
e6556E~1019eT7668E~10,4+8965E-1051e063E~10+514293E~-10+14637E-10,
20014E-1050o000E-109¢6057E~10407025F~105e8117E~105¢9458E-10»
10120E-10314360E-10,1¢721E~1042¢093E-104¢5625E-10,4+6491E-10,
e T439E~109e8559E-1090¢9946E-1051e176E-10+1428E-10,14800E-10,
¢5246E-109¢6036E~104e6879E~105e7843E-105¢8995E~1091043E-10,
10232E~1091¢496E~1049e490BE-109e5639E~104¢65405E-109¢7256E-10>
e8241E~10+909425E-1091¢091E~1041¢288E-109¢4600E~10,¢5289E-10,
¢5996E~103¢6762E-104¢7624E-10,¢8632E~10549852E-10,14139E-10»
e4319E~1019¢4975E-1045e563TE~105e6337E-10,67108E-10,¢7986E-10,
¢9019E-1091,028E-104¢4050E=109¢4689E-109¢5318E-109e¢5966E-10}
o666TE~109¢7447E-104908343E~109e9401E~104543600E—~10944183E-10,
e 4T69E~10965346E-10945945E-10906590E-10¢e7302E-1098108E-10»
»3000E~109¢3781E-1049e430BE~10+e4B40E~-109¢5374E~1095931E-10»
¢6528E~10+¢7183E~1090o000E~104e3355E-10943910E-10s 4415610
0 4904E~109¢5402E~104¢5923E-105e6479E-10+09¢3001E-105+3559E~10»
04094E~109¢4509E~10,¢4965E~104505431E-10,e5919E-10,04¢2690E~-10»
03246E-109e3731E-10,04169E-10504594E-10+¢5021E-1095461E-10)
DATA((VI(I)9I=68B14768)= 0e000E-109e¢2100E~1049¢2711E-1093201E-10»
03615E-10963999E~-1043¢4373E~-109e4746E~10+06000E~-109401652E~-10»
02296E-10902787E~109¢3185E~-10s03543E-10+¢3882E-1094213E-10»
0e000E-10+¢1356E~10,01992E-105e2471E~109¢2852E~104¢3188E-10»
¢3502E-104¢3803E-104e0073E~103e1111E-1045e1768E-10,402239E-10
02599E~10962914E-104¢3205E-10,5e3483F-10440331E-10,41040E-10,
e1614E-109¢2070E~1040e2%12E-109e2706E-10402976E-104¢3233E~10,
e0530E~10+41069E-1049¢1531E~109e1949E-105¢2276E-109¢2551E~10»
¢2802E~10+43039E~10400702E-10941131E-109¢1506E~105¢1869E-10»
¢2179E~101542438E-10402671E-104¢2891E-105e0857E-1041207E-10>
e1556E~10901828BE-1090¢2114E~109e2359E-105e2576E-104e2780E-10»
0¢0998E~10+¢1292E-1049¢1556E-104¢1818E~104¢2075E-1042305E~10,
02510E—~104942699E-10401129E-105¢1380FE-109¢1607E-104¢1832E-10»
02059E-104942272E-104¢2465E~109e2642E~-10401253E~-10,¢1469E~-10,
01668E-10901862E-104942062E~-10490225T7E-1044243BE-1042604E-10)
END
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1.2 P-V-T Measurements of Oxygen

Installation of the apparatus in its new quarters has been
completed. The nuisance volumes have been redetermined, inasmuch
as these have incurred small changes. Runs have been made that

overlap some of the earlier series in order to establish repeatability.
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2. Cryogenic Metrology (Instrumentation)

2.0 General Comments
Personnel contributing to the activities during this period were:

S. B. Lang, J. W. Dean, T. M. Flynn, and R. J. Richards.

2.1 Temperature
2.1.1 Experimental Pyroelectric Studies

Experimental data for the calculation of the pyro-
electric coefficient, dc dielectric constant, and volume resistivity of
several ferroelectric ceramic materials were taken. Preliminary
results for the pyroelectric coefficient of Clevite Ceramic B (95%
BaTiO3, 5% Ca.TiO3) are shown in Figure 1. The rhombohedral-
orthorhombic phase transition at 155-170°K, the orthorhombic-
tetragonal phase transition at 240-255°K, and the Curie point tetragonal-
cubic phase transition) at 387°K are especially prominent. The charac-
teristic hystereses in the transition temperatures as a function of direc-
tion of temperature change can also be observed. The phase transitions
produced noticeable peaks in the dielectric constant values also. Ad-
ditional data in the region 4 to 78°K have been measured for Clevite
Ceramic B, but are not shown in Figure 1.

Measurements have also been taken over the tempera-
ture range 4 to 300°K of the properties of Clevite PZT-4 and PZT-5
(polarized lead-zirconate-titanate ceramics). No phase-transitions were
observed in either material over this range. In addition, the pyroelectric
coefficients of both materials were considerably higher than those of
Ceramic B. For these two reasons, PZT-4 and PZT-5 are probably
more suitable as pyroelectric thermometer sensors than Ceramic B.

Quantitative results will be presented in the next report.
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2.1.2 Publications

A description of the equipment, method of calculation,
and preliminary results on Ceramic B have been published by Steven A.
Shaw this year as a Master of Science thesis presented to the Dept. of
Chemical Engineering of the University of Colorado. The thesis title is
"Measurement of the Characteristics of Pyroelectric Crystals for Thermo-
metric Purposes with Special Reference to Barium Titanate Ceramic'.
2.2 Pressure

2.2.1 Piezoresistive Effects in Materials

An apparatus has been constructed to study the piezo-
resistive effects in materials over a wide range of temperatures. A
sample chamber is located at the end of a vacuum insulated probe in such
a manner that the probe may be inserted into a dewar containing either
liquid nitrogen, hydrogen, or helium. The vapor pressure of the cryogen
is maintained with a Cartesian diver type of regulator. Since the sample
is housed in a copper holder, its temperature is held constant. Gas pres-
sure up to 5000 psi may be admitted into the sample holder while the
sample's resistance is monitored by a potentiometric method.

Preliminary investigations have been made with car-
bon. Figure 2 shows the resistance dependency of carbon as a function
of pressure at several temperatures. The room temperature and nitro-
gen temperature results are as expected; however, the hydrogen tem-
perature results show a reversal in slope. More tests will be done to
verify this effect; however, if true, this diminishes the usefullness of
carbon as a pressure sensor over a wide temperature range.

Samples of rare earth metals have been ordered for

further investigation.,
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3. Consultation and Advisory Services

Consultation and advisory services in the general field of
cryogenic engineering has continued in several NASA program areas:
Centaur (funded separately), Rover, and NERVA.

3.1 Centaur Program - Robert W. Arnett

Contact with NASA Lewis Research Center personnel has been
frequent through the medium of telephone calls and one trip to Cleveland.

3.1.1 Stratification and Pressurization

Following the rearrangement of the complete pro-
gram into a set of subroutines, debugging has progressed more rapidly.
Some adjustments in the program were required following debugging.
Initial runs of the complete program are in progress at the end of the
reporting period.

3.1.2 Flight Data Analysis

Preparation for analysis of flight data from forth-
coming launches has been completed and checked out using sample
tapes furnished by NASA-LeRC. A decision was made to utilize the
first digitized tapes produced from the analog tapes since extracting
data on only a few sensors should be more readily accomplished. At
the end of the reporting period all preparations had been made for
processing of the AC-8 launch data.

3.1.3 General Dynamics/Convair Testing Program

Testing and evaluation of the liquid-vapor detectors
and the temperature transducers were completed as planned. An in-
formal report covering the response time, sensitivity, and calibration
results was prepared. This report was delivered to Cleveland and an
oral presentation of the testing program was presented.

Plans were made for further testing of the sensors

to evaluate response to cyclic immersion, heater voltage, and
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orientation. Due to manpower limitations and the greater urgency of the
flight data analysis and the stratification program, this additional test-
ing has been delayed.
3.2 Rover Program - Alan F. Schmidt

A Test Cell "C!" Facility Review Meeting at the Nuclear Rocket
Development Station, Nevada,was attended on January 24-26, 1966.
The purpose of this meeting was to review design, checkout, and opera-
ting procedures for the modified NRDS facility. Written comments on
this review were furnished LASL upon invitation by the host organiza-
tion.

Information was supplied to LASL at later dates on the thermal
expansivities of beryllium and stainless steel, electrical resistivities
of several fluids, and a set of documents relating to the martensite
transformation of austenitic stainless steels.
3.3 NERVA Program - Alan F. Schmidt

At the request of SNPO-C, meetings were attended at the
Aerojet-General Corporation, Sacramento, California on January 5-6
with the intent of determining feasibility and safety requirements for a
250 1b. /sec. hydrogen burn pond to be used in conjunction with Phoebus-
2 test stand H-4B. A 1/26 scale model pond has been used to provide in-
formation useful to the full scale facility, and it was hoped that data
from the small pond could be extrapolated to any practical design prob-
lem or condition involving safe, economical hydrogen gas disposal,
since conventional commercial flare stacks are expensive to procure,
expensive to operate, and at times hazardous when manifolded or used
at off-design conditions. Additional research will be required to pro-
vide the general design information required, and it appeared uncertain
at the Sacramento meeting whether time or funding could be made avail-

able to complete the job initially contemplated.

26




On February 24, the General Dynamics/Fort Worth Reactor
Facility was visited for discussions relating to cryogenic thermal con-
ductivity experiments in a nuclear radiation field, and a para-to-ortho
hydrogen conversion investigation in the same environment. Beryllium
thermal conductivity test specimens previously measured at NBS-CD
have been supplied GD/FW for inclusion as check pieces in each thermal
conductivity cryostat. Information has been provided GD/FW and
AGC/REON on appropriate thermocouple materials for these tests,
thermocouple calibration problems, tables, etc. Throughout the quarter,
additional communication has occurred with GD, AGC, and SNPO-C by
letter and phone.

A NERVA Instrumentation Review Meeting was attended at AGC/
REON on March 28-29; a trip report covering NBS impressions and com-
mentary on this business was prepared subsequently and forwarded to
SNPO-C as a matter of mutual interest.

At the request of SNPO-C, a draft copy of the Bureau of Mines
hydrogen safety manual was reviewed and discussed. Also, evaluation
was made of a specific hydrogen safety problem concerning Engine
Stage Test Stand 2/3.

At the request of NASA-LeRC (through SNPO), information
was gathered and sent to the Northwestern Technological Institute (under
NASA contract) concerning the available experimental data on the

thermal conductivity of fluid hydrogen.
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4. Cryogenic Flow Processes

4.0 General Comments

Personnel contributing to the project during the present report-
ing period were: W. G. Steward, E. G. Brentari, R. V. Smith, J. A.
Brennan, D. K. Edmonds, Jr., and R. Zarate.

4.1 Experimental

The two-phase choking flow experiments were completed during
this period on both hydrogen and nitrogen. A preliminary report was
written and submitted for possible inclusion in the Cryogenic Engineering
Conference to be held in Boulder, Colorado, on June 13-14, 1966. The
abstract of the report reads as follows:

Data on critical mass flow are given in this paper
from experiments using a straight pipe with a vacuum jacket.

On some of the runs, pressure recoveries which were inter-

preted as shocks were occurring slightly upstream from the

exit plane. There is some indication that exit plane parameters

are not directly controlling mass flow; it still seemed advisable,

however, to follow current practice and report exit plane pres-
sures and qualities, Results from simple analytical models to
predict mass-limiting flow are compared with experimental
results at the exit plane.

Representative graphs of the data are included for both hydro-
gen and nitrogen (figures 3 and 4).

Work on transfer line chilldown was resumed during this report-
ing period with the globe valve configuration and a partially precooled
transfer line. These tests were done in order to get more comparable
data between the two types of valves that had been used in previous
tests (see Figure 2, page 38 of the Eighteenth Progress Report). Re-

sults of all the tests with the globe valve are shown in figure 5. Since
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there was some surging experienced in the most recent tests, more
experimental work is planned in an effort to establish conditions caus-
ing surges. It is apparent from the results that there is more involved
than simply the line temperature 20 ft. from the supply dewar.

The data from the chilldown tests completed thus far are being
put in final form for publication and should be finished during the next

quarter.

4.2 Analytical

The computational scheme outlined in the last progress report
has been programmed in Fortran in a basic form and is in the process
of being debugged. It has not run as yet.

The basic form is for a transfer line of uniform cross-sectional
area, a uniform wall, and constant driving pressure. It includes tem-
perature dependent properties and the use of unsteady-state conserva-
tion equations for homogeneous single-phase and two-phase fluids.

An attempt has been made to keep the program as flexible as
possible by dividing it into a number of subroutines. The program may
then in some cases be adapted to other systems by altering one or a

few subroutines.
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5. Solid-Liquid Hydrogen Studies

5.0 General Comments

Personnel Contributing to the project during the present report-
ing period were: D. B. Mann, D. E. Daney and D. B. Chelton.
5.1 Mass Energy Balance Experiment

This portion of the program, designated as Task I (see NBS
Report 9145), has been completed. A description of the experimental
apparatus, experimental procedures, and results are available upon
request as NBS Report 9189. The abstract and conclusions which sum-
marize the findings follow:

Abstract (NBS Report 9189)

A theoretical and experimental investigation of the feasibility
of predicting the quality of liquid-solid hydrogen mixtures from the mass
fraction of vapor pumped off in the freeze-thaw process has beén com-~
pleted. Three independent methods of experimental quality determina-
tions were used to check the correctness of the qualities predicted from
the measured mass fraction pumped off in forming liquid-solid mixtures.
In all cases only freshly made mixtures were used.

It is suggested that an independent means of determining the
edge of the triple point region, such as measurement of the vapor pres-
sure, be used. With this modification, measurement of the mass frac-
tion pumped off during the freeze-thaw process provides a simple, non-
destructive and accurate method of bulk quality determinations. The
method is not appropriate for cases in which a partial transfer from the
dewar is made and it requires accurate knowledge of the heat leak if
long storage times are to be used. Finally, since the method is only as
accurate as the accuracy of the flow and liquid volume measurements,
possible low accuracy in large volume gas flowmeters places a restric-

tion on the method.
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Conclusions (NBS Report 9189)

Prediction of the quality by measuring the mass fraction of the
gas pumped off appears to be an accurate and practical method of quality >
measurement. The experimentally measured qualities agree with the
predicted qualities to within 2 percent. No significant irreversibilities
appear to occur in the freeze-thaw process. The primary sources of
error in this method are the errors in the flow measurement and the
liquid volume measurement.

An example may aid in giving an idea of the accuracy which can
be obtained by this method. For a flowmeter accurate to £ 2 percent
and a liquid vclume measurement accurate to * 2 percent, the maximum
uncertainty in the quality of a 0.50 solid mixture would be 0.030, 0.010
of this being the maximum uncertainty if the flow and volume are known
exactly. This 0.030 uncertainty in the quality contributes an uncertainty
of 0.36 percent in the determination of the total mass held in a container.
For a container holding 10,000 gallons, a maximum error in the esti-
mated weight of 24 pounds would result.

In conclusion, measurement of the mass fraction pumped off
during the freeze-thaw process provides a simple, non-destructive and
accurate method of quality determination. It offers the following ad-
vantages:

1. It requires the measurement of only

a) the mass of the vapor pumped off,
b) the liquid mass either before or after pumping, and
c) the heat leak into the dewar.

2. It is non-destructive, i.e., it does not require melting

the slush.

3. It requires no viewports or apparatus inside the dewar, )

with the exception of a liquid level indicator.

4. It does not require a homogeneous distribution of the solid. ¢
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Since this method measures the bulk quality, it is not good for
cases in which a partial transfer from the dewar is made. If the slush
is stored for long periods, the uncertainty in the quality will be in-
creased due to uncertainties in the heat leak into the dewar. Finally,
since the method is only as accurate as the accuracy of the flow and
liquid volume measurement, possible low accuracy in large volume

gas flowmeters places a restriction on the method.

5.2 Project Design
Initial detailed planning has been started on Tasks two and

three.
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6. Thermal Conductivity of Solids

6.0 General Comments

Personnel contributing to the project during the present report-
ing period were: D, H. Weitzel, R. L. Powell, R. H. Kropschot, and
John Morgan.

6.1 General Program

Activation of a Thermal Conductivity of Solids program has
begun. The basic method used by R. L. Powell, et al., in previous
work at this laboratory will be maintained. This comprises axial heat
flow along a solid cylindrical sample, with 8 temperature measuring
stations spaced at l-inch intervals along the sample length.

Chromel vs. gold with 0.07 atomic percent iron will be used
for all'thermocouples. Accurate calibration data for these new thermo-
couples will be obtained in a separate program conducted by L. Sparks.
Thermocouple potentials will be read with a precision seven-dial poten-
tiometer and nanovolt electronic null detector. The thermocouple
reference junction will be at the heat sink and monitored by a platinum
resistance thermometer. At the lower temperatures the warm end of
the sample will be monitored by a germanium resistance thermometer
as a check on the thermocouple readings. The heat sink will be cooled
successively by liquid nitrogen, liquid hydrogen, and liquid helium.
Final tempering of all thermocouple leads will be carried out on a
semicircular shield which parallels the sample and is automatically
driven to the same temperature profile as the sample.

Several methods of radiation shielding are under consideration;
through use of effective radiation shielding we hope to extend the upper
temperature limit of the measurements to near room temperature. We
may also isolate and control the temperature of the heat sink block at

the top of the sample. This would utilize a temperature control unit
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similar to that planned for the tempering shield. The mechanical modi-
fication required to accomplish this would be minor and reversible, i.e.,
the experiment could be run with or without the floating heat sink. Some
improvement in control of heat sink temperature will in any case be
achieved because we have incorporated a variable precision manostat to
control vapor pressure of the cryogen. This will make the sink tempera-
ture independent of atmospheric pressure variations, and will also allow
us to operate the sink at temperatures somewhat lower than the normal
boiling temperatures of the cryogens.

The first material to be measured will be Titanium-5A%-2.58n,
a well characterized sample of which has been provided by Titanium
Metals Corporation of America. We plan to measure one to three other
alloys of special interest to NERVA before we start work on the standard
reference materials. According to our present information the next
choices of alloys should be Inconel 718, Steel A-286, Inconel X, and pos-
sibly an as yet unspecified aluminum alloy to be used for the NERVA II
pressure vessel.

For the standard reference materials we are considering the
following: (1) High Conductivity - Platinum or Tungsten, (2) Inter-
mediate - Copper alloy or Aluminum alloy, (3) Low Conductivity - Iron,
Nickel, or Inconel.

All measurement and control instruments are either on hand or
on order, Mechanical construction is about 70% complete. Wiring and
assembly of panels will begin in about two weeks. This final phase will
take at least a month, giving July 1 as an optimistic estimate for begin-
ning the measurements. R. L. Powell will in the interim work out

computer programs for processing the experimental data.
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